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Block #19

operator intervention. The end result would be better understanding of the long- and short-
term motions of large structures.

There are several major requirements for an automatic monitoring system:

a. Points on the structure (object points) should be meisured relative to stable mouments
(reference points). This generally rules out systems which will measure only short dis-
tances. The influence of such factors as pool level behind a dam or movement of the abutments
of the structure should not cause movement of the reference points. In many cases, it
is advisable to periodically remeasure the reference control itself to determine if movement
may have occurred there.

b. The relative precision of the measurements should be on the order of 5 -m over distances
as large as 5 km.

c. Measurements should be made on a continuous basis with a period of about 1 to 3 hours.

d. The system should operate with little attention from personnel. The system should not
require a highly skilled operator at any time other than for installation or maintenance.

e. The system should be easy to install and have low maintenance requirements.

f. The system should be reliable.

g. The final cost-per-point-measured after considering all operations, maintenance and
installaiton costs should be compatible with, or less than, that provided by conventional
techniques.

With the deployment of the Navigation Satellite Timing and Ranging (NAVSTAR) Global
Positioning System (GPS), a possibility for continuous, automatic monitoring of structures
has materialized. Precise, relative measurements of object points, meeting the above
criteria, are possible using GPS.

The primary object of this paper is to outline the applicability of the GPS to structural
deformation monitoring. Preliminary designs of the hardware and software for an automated
system will be presented along with the results of recent repeatability tests.
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CafrnwKXS EERB CKTIQ I TiaM

By Stephen R. esLoach' M. ASE

The U.S. Army orps of Erijineers makes extensive use of modern

iinstnmwntatica for measuring the behavior of large structures. One

of these instrumentationi programzs is high precisiona geodetic surveyin.

This type of surveying, accxmplished through the use of classical

triang~ulation and/or trilateraticri techniques, pruvides a reliable

mceasure of displacmnt as a furnctioni of time. Tlypically, accuracies

of 5-10 xM can be achieved. Final accuracy of the dipa~etis a

function of many factors, including: netwrk geometry, field proca-

dures, survey crew experience, and equipment.

Unfortunately, the high precision geodetic survey is a labor

intensive. endeavor,. wd thus time armsmirq and rather expensive.

For this reason, surveys are made infrequently, normially at 6- to.5

18-mnath intervals, or some~times not at all unless there is a suspicion i

of structural distress.

apeene at the May 11-14, 1988, ASE Specialty Conference
GPS-8§8 Engineeriri Anoications of GPS Satellite &urvyin Thdanol-
ggreld in Nashville, TNW.

'-Civil Erxineer, U.S. Ary Erqjineer Tpographic laboratories,
Fort Belvoir, VA 22060-5546. Teehone: 202-355-2816.
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An automatic monitoring system could produce hourly tracking

of oemnt points with little operator intervention. The end result

would be a better understanding of the long- and short-term motions

of large structures.

There are several major requirements for an automatic monitor-

ing system:

a. Points on the structure (object points) should be measured

relative to stable mmunments (reference points). This

generally rules out system which will measure only short

distances. The influence of such factors as pool level

behind a dam or muvement of the abutments of the structure

should not cause movement of the reference points. In many

cases, it is advisable to periodically remeasure the reference

control itself to determine if novement may have occurrecd

there.

b. The relative precision of the measurements should be on

the order of 5 mm over distances as large as 5 km.

c. Measurements shuld be made on a cntinuous basis with a

period of about 1 to 3 hours.

2



d. The system should operate with little attention from

personel. The system stuxld not require a highly skilled

operator at any time other than for installation or main-

tenance.

e. The system should be easy to install and have low main-

tenarr-e requirements.

f. The system should be reliable.

g. 7he final cost-per-point-measured after considering all

operation, mantenanc and installation costs should be

cupatible with, or less than, that provided by conven-

ticnal tedbniques.

With the deployment of the Navigation Satellite Timing and

Ranging (NAVSrAR) Global Positicning System (GPS), a possibility

for con itos, autamatic monitoring of structures has material-

ized. Precise, relative measureme of object points, meeting the

above criteria, are possible using GPS.

The primary objective of this paper is to outline the applica-

bility of the GPS to structural deformation monitoring. Preliminary

designs of the hardware and software for an automated system will

be presented along with the results of recent repeatability tests.

3
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The GPS is a satellite navigation, timing, and ranging system

developed by the U.S. Departmnt of Defense (DOD). It is being inple-

mented and operated by the U.S. Air Force. The system was designed

to provide cvt inuous, all-weather navigation anywhere in the world.

It consists of three segments: the space segment (or satellite

contellation), the control segment (or the ground facilities), and

the use equipment.

The space segment will consist of a satellite constellation

with 18 satellites in 6 orbits at an altitude of about 20,000 km.

The orbital planes will be inclined at 63 degrees to the equator.

Additionally, there will be three spares in orbit. This configura-

tin will ensure that four satellites are always in view, therefore

providing 24-hour, worldwide coverage.

Presently, there are seven operational satellites in orbit.

These are experimental "Block I" satellites which will be progres-

sively replaced with the full ccnstellation of operational "Block

II" satellites. The Block II satellites were to be placed in orbit

by the Space Shuttle between 1986 and 1989. To overcci delays in

the Shuttle Program, the U.S. Air Force has awarded a contract for

the construction of 20 Medium launch Vehicles. These rockets will

allow the Block II satellites to be in orbit by the early 1990's.

Tle existing cortellation of satellites has been set up to

provide the optimum orbital geomtry for system testing over North

4
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America. on any given day, the satellites are in view providing a

"wintdw of oportunity" for about 4 hours. This 4-hour window reresses

each day by about 4 minutes.

Each satellite transmits navigation signals on two L-Band

frequencies: LI at 1575.4 Niz and 12 at 1227.6 MHz. These L-Band

frequencies, or carrier waves, have wavelengths of about 19 and 24

am, respectively. Modulated onto these carrier waves is a Data

code, or navigation message, containing clock parameters, the satellite

ejtmerides, and other general system information. The Precise (P)

Code is also modulated onto both the Li and 12 carrier waves. The

Ouurse/Acquisition or C/A code is modulated on the Li carrier only.

The control segment of the system consists of a series of

ground stations. These stations track and monitor all satellites

in view. Fron the tracking data, the satellite status is monitored

and precise orbit computations are performed. Based on the actual

"precise" orbit cxziumte after the fact, a daily orbit "prediction"

is made. This information is uploaded on a daily basis into each

satellite to be transmitted with the navigation message as the

'broadcast ephemeris."

The final segment of the GPS is the user equipment. There are

a number of different receivers available on the market today.

However, they all receive the same basic satellite information;

therefore, it is more appropriate to discuss the types of measure-

mens available with the GPS.

Measurements of position can be made with the GPS using the P

or C/A code. A single a from any satellite based on either

5
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code is referred to as a "pseudo-range. " A pseudo-ranre is simply

the distance from the satellite to the receiver antenna

plus same unknown error. Assuming the satellite positions are known,

based on the broadcast or precise ephemeris, the 3-dimensional

position of the receiver antenna and the receiver clock offset can

be computed at any single epoch where four satellites are observed

simultaneusly. The use of this type of measurement is termed the

Precise Positioning Service (PPS) when using the P code, and the

Standard Positioning Service (SPS) when using the C/A code. At

present, the positional accuracy of this technique is about 15

meters with either code. The DOD has announced the antispoofing or

encryption of the P code, thus making it available for select users

only. It was also the DOD's intent to create a Selective Availability,

or to dither the C/A code, to degrade its positional accuracy to

about 100 meters. However, this issue has not been resolved ocpletely.

It is also possible to cupte a receiver's position by prooessing

carrier pase masuruwnts. This technique involves tracking the Ia

or 12 carrier signal, or both. State-of-the-art receiver electronics

will allow the signal phase to be measured to an accuracy of about

1 um. However, the masuremnts are ambiguous because the whole

number of cycles fran the satellite to the receiver is unknown

(integer cycle ambiguity). By recordin simultaneous observations

at multiple stations, sophisticated signal differencing techniques

may be employed. These techniques allow 1) the elimination of several

error sources and 2) the resolution of the integer cycle ambiguity.

The result is a 3-dimensional baseline determination between two

6
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receivers. The accuracy of this t is at the 1- to 2-part-

per-milion (Lp,) level for baselins less than 50 km in length. On

a 1-kn baseline, 1 ppm wuld equal 1 m. These accuracies have been

documented through extensive field tests (Hothem & Fronczek 1983).

Knowledge of the P code is not required. Any future degradation of

the C\A code should have little or no effect on the accuracy of

baseline dterminations using this techique.

BSELIKE AND TI VECTIRS

For structural ionitoring applications, the precise carrier

wave measurements are required as previously described. The resultant

of these meaaureimns is the three-dimensional baseline vector V

between two stations measured at a single epoch, i, where:

The deformation vector, D, is cmputed by differencing between two

epochs i and j at a single station.

7
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The standard error of each component of the baseline vector at

any ec is given by ,_ f -

/"

O/r, NI ~ +-~mk 3

where:

a is a corztant error and

b is an error proporticnal to the lernth of the base-

line. -5 / .

The standard error ,0may be assumed (a priori) based upon

previous experience and testiq, or computed after the fact where

redundant cservations are available (a posteriori). In the case of

a posteriori cuputatins, least squares adjustment algorithms are

required to generate the appropriate variance-oavariance matrix

ontainir the standard errors in the "X, "Y", and "Z" planes.

The standard error of the deformation vector is then approx-

imated by

T
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There are a number of error sources which can degrade a baseline

solution. These may be divided into three general categories:

a. instrumentation errors

b. modelling errors

c. cxmputational errors.

The instrmntation errors are the most varied. The major

contributing sources are: oscillator variations at the satellite

and receiver station, signal multipath, antenna collimation, and

antenna height measurement. The oscillator, or clock, errors may

result fr an offset frun coordinated Universal Time (UTC), offset

between receiver statiors, variations in drift, or simply the limit

of the clock stability. These variations can easily result in posi-

tional errors of several meters. Signal multipath is caused by

reflection of the signal frcm the ground or surrouing objects

before reaching the antenna. The effects of multipath on the observed

phase is a function of the surroundn physical features, antenna

installation, and antenna design. The magnitude of this effect is

generally limited to several oentimeters (Your 1985). Councilman

(1981) has suggested it can be reduced to several millimeters with

prcper antenna design. Additionally, King et al. (1985) state that

the period of multipath when using tripod-munted antennas is only

a few minutes, allowing some averaging to occur over long observation

spans. Antenna collimation errors are a result of improper placement

of the antenna over the desired station. Likewise, height measurnt

9
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errors actually reflect the precision of the operator's ability to

physically measure the vertical distance from the station mark to

the antenna.

The second category of error is ccmprised of modelling errors

of the actual satellite orbits and the propagation medium. All GPS

ccmputaticns are ultimately based on the orbital position of the

satellites at the time of signal broadcast. These positions can be

estimated frm either the "precise" or "ba s" ephemeris. A

baseline vector will be roughly in error by the ratio of the satellite

orbital error divided by the satellite altitude. GPS signals must

travel through the earth's atmosphere and thus encounter delays in

the trposphere and icnsphere. Propagation delays created by the

trcx:%&*re can be modelled by monitoring the temperature, pressure,

and relative humidity at a station. Doing so will maintain a baseline

error of about 1-ppm. Ionospheric refraction can amount to a 1- to

5-ppm error in the baseline vector if making observations with a single

frequency instrument. This effect can be essentially eliminated by

using a dual frequency (Li and 12) receiver. Each of these modelling

errors has been found to be highly correlated for short baselines.

Therefore, in structural monitoring applications they will tend to

cancel out if the appropriate processing techniques are used and

baselines are limited to a few kilcmeters. For longer baselines, it

may be necessary to monitor both the Li and 12 frequencies and to

utilize a "precise" ephemeris.

The ccmptational errors result fram the inability to resolve

the integer cycle anbiguity (the whole number of wavelengths between

10
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satellite and station). Once a receiver has acquired a satellite

signal, the whole number of cycles are tracked and counted. Therefore,

the initial, or unknown, integer cycles will remain the same throughout

an observing session and can be represented by a single bias term.

This problem is further comounded if loss of lock, or a cycle

slip, occurs, thus adding sene unknown number of whole cycles.

Typically, the integer cycle bias values are estimated with a least

squares fit along with the baselines between stations. Generally,

the solution for the bias estimates will not be integer values.

Therefore, they are rounded to the nearest integer and the least

squares solution repeated. The final, or "best," solution is then

chosen based on the application of statistical tests of the integer

bias paranxters.

The primary solution for most of the errors mentioned is careful f

selection of post-processing techniques. The most popular method

involves sianal differencinM. This method can be thought of as

simply subtracting observed signals between stations, satellites,

epochs, or any combination of these. For geodetic quality applications,

the carrier phase cbservables are differenoed.

A technique known as double differem.n involves differencini

of simultaneous carrier phase observations between: 1) stations

and 2) satellites. The benefit from this solution is the cancella-

tion of errors from station and satellite oscillator instabilities

plus elimination of errors fran orbital modelling and atmoseric

modelling errors on short baselines. Sane of the versions of post-

processing software released within the past several months also

( ' %r . . . . ' - , . .
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include strong statistical testing of the integer cycle bias para-

meters. This is extremely valuable in assuring the correct selection

of the integer bias and in overooming loss of lock on the satellite

signal.

In Sqptater 1986, the U.S. Army Engineer Topographic Labora-

tories (USAETL) purcased six RIMLE Model 40006 GPS receivers

with associated antemnas, data logging and post-processing hardware

and software. ore recently, this equipment has been upgraded to

include 10 tracking channels, more stable micro strip antennas,

internal data logging, and enhanoed post-processing software. This

equipment will be used as the basis for an automated deformation

monitoring system. To establish an a priori estimate of the positional

standard error that can be achieved with this system, extensive

field testing was conducted during March, April, and May 1987.

The testing was conducted at a facility of the National Geodetic

Survey (NSS) located at Corbin, VA. At this facility, the NGS has

established a test quad for testing and evaluating a variety of

surveying instruments. Each station consists of a mnument constructed

of concrete poured in place on undisturbed earth. Each monument

protrudes 5 an above the ground surface and extends 1.5 meters

deep. Monuments are 45 cm in diameter at the bottom and taper to 25

an square at the top. There is a bronze disk set in the top of each

mmment, and the point of reference is a 0.4-mim diameter hole drilled

12
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in the center of each disk. Each nument has a permanent wooden

stand built over it. The stand is fitted with a specially designed

adjustable tribrac with a 1.9 cm diameter hole in the center.

Before occupying each station, the adjustable tribradh was

collimated using a WILD NL optical plummet. Next, a WILD GDF 6 type

tribradi was fastened to the adjustable tribracd with a specially

madiined bolt which force centers the alignment between the two

tribrachs. 7he receiver antenna was then munted in the GDF 6 tribrach

for the cbservaticn session. 7he NL optical plummet was used again

after the session to verify the stability of the stand and adjustable

tribrach during the omerviq period. The height of each tribrach

was also measured before and after each session. This procedure

limits the standard error in horizontal and vertical positining of

the antenna to about 0.5 mm.

fhe test quad was originally dseerved with a Geodimeter 112

Electronic Distance Meter, a WILD T-3 theodolite, and a Zeiss NI

002 level. num data were adjusted by NGS with the HAVAGO 3-dimen-

sional adjustment program written by Vincenty (1979). Based on this

adjustment, the horizontal accuracy of the quad is at the 2-un

level; the vertical accuracy is at the 1-ra level.

Data were collected on a total of 6 baselines where each line

had from 2 to 12 days of observations. A total of 33 independent

baselines were ckberved and processed, providing daily observations

of A X, A Y, A z and the 3-dimioial baseline vector, or distane.

Also, the difference between the GPS baseline distance and the original

13



adjusted network values was nziputed. Adkitionally, the mean and

standard deviations of each baseline were computed where:

the sample mean is

jt= (5)

and the standard deviation of a sirgle observation is

+/2 -2

i=1 (6)

where ) is the ith observation and n is the nunaer of cbserva-

titus.

By computirg the mean of all the differenxes between the GPS

baselines and the original network values, the acracy of the

system was found to be about 0.3 m. However, a better description

of the system is shown by computing the mean of the standard deviations
.- cle 1O-

of the A X, A Y, and a Z components. This caqptation results in a

level of precision, or repatability, at the 4.2-mn level. The

level of ability to detect deformations would then be estimated

aocording to eqmaticri 4 as 5.9 mm.

14



The potential for an automatic and continuous munitoring system

(CM) for structural deformation studies exists with the GPS technology

available today. Hiever, additional software must be developed and

hardware installations mist be carefully designed to link the various

pieces of equipment and to minimize potential error sources.

Existing techniques to determine extrmely precise baselines

require obervations be recorded at ead of two stations simul-

taneously. Each set of observations should also be about 1-hour in

duration. The data tapes must then be collected for post processing

on a campter similar to an 14 PC-AT. A l-hour observation span

normally requires aroxiately 30 minutes post processing for each

baseline, althouh active CPU time is only abouzt 10 minutes. W~hen

more than two receivers are operated in the field, the ntmber of

indbendent baselines measured is n-l, where n is the number of

receivers; likewise, the time required for post processing would be

(n-i) X 30 minutes. ien post processing these lines, careful attention

ust be given to file maintenance. Present GPS operating systems

typically do not include any file management proeures or software.

Therefore, the kurden of file management lies solely with the system

operator. Further data analysis beyond baseline processing also

requires the system operator to use his own methods or to adopt

techniques from sources other than GPS manufacturers. Additionally,

15



to log data the operator must set up appropriate files and instruct

the receiver on appropriate satellites, tracking times, and other

miscellaneous station information.

To create an automatic system, software must be developed to

link together the various steps from planning an observation session

to data logging to post processing and data presentation. The routines

must also be interactive within themselves to allow data collection

at the receivers while the previously collected baselines are being

computed and analyzed.

TO facilitate the software develcpaent, an existing library of

programs is presently being built into a larger interactive group.

This group of programs will be driven by a central program.

The system design calls for several features. The first is

that a deformation study will be divided into segments of time

called "epochs." For data processing, the assumption is made that

during any one epoc there will be no structural movement. Because

the satellite observations are made in the static mode, the minimum

length of an epoch is the minimum length of time required for accurate

satellite ieasuremnts (about 1/2 to 1 hour), and the maximum length

of an epoch is the longest available period of continuous visibility

of a minimum of 4 satellites (about 3 to 5 hours). A preliminary

analysis of cxmpter loading requirements has set the design epoch

to between 1 and 4 hours, with the upper limit being oonstrained by

a maximum daily raw data volume of 150 megabytes and the lower

limit being cnstrained by the time required to download and process

16



data from each epodi . Within this restriction, the leng~th of an

epoch and the interval between epochs are user defined. The intrxval

between epochs is defined as the period of time between the beginning

of one epoch and the beginning of the next epoch. Station coordinate

om~zptatin for an epoch will use a constellation of all available

and healthy satellites to ocipute a unique solution.

Another feature is the system's automatic operation. The system

is designed to operate with a minim= of user interaction. Excep

for system start up and the weekly replacement of an arcive tape,

no user interaction shouzld be necessary. Furthermore, the system is

designed to recover aucaialy fromu a wide variety of failure

conditionis. Finally, this system is capable of operating with a

network of 10 receivers.

The final system will consist of three to ten TRfIBIE Model

4000 SL receivers (modified to operate with the CH software), the

CMS software, and two personal cmxipters with associated printers

and plotters. Umn operating, two receivers will be on stable reference

stations. All remaining receivers, up to eight, will be at object

stations on the structure.

7!he final result of the data collection arxi processing is the

deformation analysis. This will involve a least squares adjustmnent

of obseervations and coordinates together with a statistical analysis

and testing of the resulting vectors. This software is still in the

developmental stages, and a complete treatise is not possible at

this point; however, the phiilosophty is to perform a combined ~adjustment

between epochs. Each baseline cxmted with the IRIVEC software

17
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with its associated variarKce-(car ance matrix and an a priori.

estimationi of errors bassd on the reference station positions will

be adjusted in ~inatici with the ccmparable informiation from

another epc.

The output of the analysis will be in both tabular and graphic

form, and will be of tw types. Th first is the vector of apparent

moIvment as ccupts] frzi the mo~st recent epoch comipared to the

base, or original, epochi. The vector will be plotted along with its

error wedge and the station coordinate error ellipse, and will appear

similarly to that showvn in Fig 1. This information will be provided

in real time or may be displayed from available files after the

fact.

The second type of output is mnovmnt over tim and will be

represented by a time plot of the mo~vement vectors from numerous

epochs compared against the base epochi. This informtion will only

be available by user request. Both output types will be available

at the project site or at any site, sucha as a district office, by

using a third ccnxpzter and a telephone modem.

The primary on-site hardware requirements, in addition to the

GPS ecIuipment, are two personal cxnpters operating separately but

linked together. Each aouputer (PCl and PC2) will operate in a

om*1iusly looping cycle of epoch observations and processing

(see Fig. 2). Ki1 will be responsible for system nxonitorincg, receiver

status, satellite data collection, and baseline processing. At the

erd of each epoch, it will instruct each receiver to end the current

observing session and begin a new one, and will download t'hc previous

18



session's data from the receivers while they are in the present

measurment cycle. Next, PC1 will assess the data for quality and

reliability, and process each independent baseline to determine its

three vector components and the associated error estimates. Finally,

PCl will cciplete all data logging and file maintenance under its

responsibility. One such cycle will be completed for each epoch in

real time.

M1e secod ccmpxter, PC2, also completes tasks during each

epoch. Of primary importance is the cambination of the most recent

epochal data fran PC1 with the data of the base epoch, and the

perforane of a caibined least squares adjustment of the two epochs.

7he adjusted results are then used to report on apparent movement

of the object statios between the current and base epochs. In

addition, PC2 will be available for user interaction. It will

provide a menu for data review and custom deformation analysis, and

will be responsible for the original system definition and automatic

data archiving.

A third ocmputer, PC3, will allow an individual at a remote

location to access the continuous monitoring system through a telehone

modem to download data and to run processing routines similar to

those on PC2. This will allow an engineer at headquaters to access

and review the operation at any number of sites being monitored.

AlthoIuh a tremendous amount of new software and hardware is

bein developed, the observing sches, baseline processing, and

data analysis will remain similar to those presently used for geodetic
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surveying. This should result in an overall positional accuracy of

about 6 mm as previously reported.

To ensure the highest possible accuracy, the system hardware

nust be designed and costructed to minimize any potential errors.

These errors would be a furction of:

a. signal multipath

b. electrical interferenc at receiver and data link

c. antenna collimation

d. antenna height

e. reference point stability

f. object point stability.

Preliminary testingj indicates that the hardware may be cofigured

similarly to that shon in Fig. 3. The data links may be ccupleted

by either fiber optics or dual twisted pair wire (telephone line) with

RS232 ar/or telephon moden cmmanications switches. For antenna

separation of more than a few kilometers, radio cumunication may

be necessary. However, for structural deformation monitoring the

units are generally within a small area. Therefore, dual twisted

pair wire or fiber optics are the natural choice; radio links have

not been considered in the present design. The primary consideration

in hoosing between fiber cptics or twisted pair wire is the subjection

to electrical interference along the cable route. If the cable is

run through existing lighting cnduit or is on a power generatinq

facility, the more expensive fiber optics may be necessary to prevent

signal degradation. On a longer cable run, such as to a reference

20



point, it my be possible to avoid interference areas arxi use the

irexpensive twisted pair wire.

Testing of both the dual twisted pair wire and the fiber optics

was conducted during the repeatability testing. Both links operated

satisfactorily.

Signal multipath will be reduced by careful selection of each

antenna site. Each station will be chosen to minimize signal reflec-

tion from surroazdir objects, primarily hard surface walls. Another

critical consideration for the selection of station location is

line of sight to the satellites. For the GPS to operate, there ust

be clear line of sight between the receiver antenna and each satellite

being tracked. This location selection may be accomplished with the

aid of a satellite visibility diagram (see Fig. 4). Note that in

this example an azinuth of 290* from the station wuld be of concern

because of its potential to block line of sight to satellite nos.

9, 11, 12, and 13.

Antenna collimation and height measurement errors will be

reduced by incorporating a forced centering device (see Figs. 5 and

6). This device is designed such that each time a survey target or

GPS antenna is placed on the station it will be forc into the

exact position previously occupied in both the horizontal and vertical

planes. ITh stability of the reference points and object points are

a function of their construction and location. Suggestions for

their construction are given in Fig. 7.
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The developme~ntal stage of this project is scheduled for comn-

pletion in Septarier 1988. System testing andi debugging will begin

immediately with a full system demontration scduled for November

1988 through Feruary 1989.

Theu demontraticn system will be installed at the U.S. Army

Corps of Engineers Dwrshak Dam project an the North Fork of the

Clearwater River near Orofino, Idaho. This structure is the highest

straight-axis, cocete gravity dam in the westen world andi the

largest ever otnxced by the Corps. The height of the dam, fcxxda-

ticn to crest, is 218 meters. This project is a vital unit in the

-' cxaprehensive developmenit of the water resources of the Columrbia-

snake River drainage area.

The demnstrationa system will consist of six 'flW4BE model

4000 SL receivers. Each of these receivers has been upgraded to 10

ind~ependient tracking channels. Four of the receiver antennas will

be plae an object stations along the crest of the dam. The receivers

will be plae in the uppermost gallery, just belowi the roadway

along the crest (see Fig. 8). The total separation of the antennas,

mnolith 19 to monolith 28, will be about 150 meters. The monoliths

were selected because they are the highest in the structure andi

also contain other instrumentation for correlating measurements.
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Each receiver will be supplied with AC power, and a fiber optics

cable will be used as the data link from the receivers to a multi

port data switch (see Fig. 9).

Another fiber optics cable will run from the data switch in

the gallery to PC1 operating in the powerhouse at the base of the

dam (about 180 meters vertical and 180 meters horizontal). The remain-

ing two receivers will be placed on stable reference sites. One is

about 3 km ownstream of the dam and the other about 1.5 km upstream.

Each of these units will be installed in a secure building with AC

powr and telepone lines. Auto-dial modms and telepone lines

will be used to transmit information and data between these receivers

and PC1 (see Fig. 10).

Ta cxmp.ting system, PC1, PC2, printer, plotter, and all

peripherals will be located in an office in the powerhuse. Full

power and czmunications links will be provided to each PC. Finally,

PC3 will be located 4000 km away, in the junior project engineer's

office located at USAETL, Fort Belvoir, VA.

The NSTIAR Global Positioning System has the potential to be

used in an automatic mode to continuosly monitor structural defor-

mations. During the next few months, a system will be developed to

operate such a system. It will then be installed at the U.S. Army

Corps of Engineers DworshaK Dam for demonstration.
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Testing of presently owned government GPS equipment indicates

the system will detect xmveents of about 6 mm in three dimensions,

if referenoe points and object points are within a few kilametters

of each other.
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APP!2MIX II. -l-YDhTCK

The following symbols are used in this paper:

= the three-dimin~iCrIal baseline vector at epoch i

ae /& = the X cUq3cnent of the baseline vector at epoch i
aY = the Y cxupcnent of the baseline vector at epoch i

A Z4& = the Z cmPonent of the baseline vector at epoch i

D = the deformation vector found by differencing between epochs

iand j

., /- = stanard error of the baseline vector

= stand~ard error of the defoniatiori vector

= sample man

4  = standard error of a single caservation

= th Ith observtion~

= the si frcm 1 to n
i= 1

;I
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CAPflICJS

FIG. 1-Vector of Aparent Movement

FIG. 2-Oservation and Processing Loops

FIG. 3--Hardware Schemata

FIG. 4-Satellite Visibility Diagram

Octdoer 12, 1987

Kansas City, Kansas

FIG. 5-Forced Centering Device: Part 1

FIG. 6-Forced Centering Device: Part 2

FIG. 7--Control Mnuent

FIG. 8-Dworshak Receiver Installation

FIG. 9-Dwrshak Cmunications: Part 1
.%

FIG. 10-Dworshak CQumunications: Part 2
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